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A recent report proposed a function of the ubiquitin
conjugation factors Rad6 and Rad18 comparable to
the bacterial SOS response, controlling damage-
induced transcriptional activation and contributing
to checkpoint signaling. The relevant ubiquitylation
target was identified as budding yeast Rad17, a
subunit of the PCNA-like 9-1-1 checkpoint clamp.
We report here that in fact all three subunits of the
9-1-1 complex are ubiquitylated. However, in con-
trast to previous results, we found modification of
Rad17 to be independent of DNA damage, the
Rad6-Rad18 complex, the putative acceptor site
(lysine 197), and loading of the complex onto DNA.
Consistently, we were unable to observe enhanced
damage sensitivity or defects in checkpoint signaling
in a rad17(K197R)mutant. Instead, our findings sug-
gest that ubiquitylation of the 9-1-1 complex may be
a background reaction that in some cases can
mediate proteasomal degradation.INTRODUCTION
Posttranslational protein modification by members of the ubiqui-
tin family is used as an important regulatory strategy in virtually
all aspects of eukaryotic metabolism. In particular, the mainte-
nance of genome stability by means of DNA repair and the
damage response has emerged as an area heavily influenced
by the ubiquitin system (Harper and Elledge, 2007; Bergink
and Jentsch, 2009). One of the pathways controlled via ubiquity-
lation is DNA-damage tolerance, a system responsible for the
bypass of DNA lesions during replication, which prevents the
stalling of replication forks and allows the completion of S phase
in the presence of DNA-damaging agents (Ulrich, 2005). The key
ubiquitylation target in the context of DNA-damage tolerance is
the sliding clamp PCNA, a processivity factor for replicative
DNA polymerases and a binding platform for various other
replication and repair factors (Hoege et al., 2002; Majka
and Burgers, 2004). Monoubiquitylation of PCNA at a highly1080 Cell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc.conserved residue, lysine (K)164, by the ubiquitin ligase (E3)
Rad18 in complex with its cognate ubiquitin-conjugating enzyme
(E2) Rad6 facilitates the recruitment of specialized DNA polymer-
ases capable of using damaged DNA as a template (Stelter and
Ulrich, 2003; Kannouche et al., 2004; Watanabe et al., 2004).
Their action, called translesion synthesis (TLS), is largely respon-
sible for the damage-induced accumulation of mutations in the
genome (Pages and Fuchs, 2002). Further polyubiquitylation of
PCNA at K164 by the heterodimeric E2 Ubc13-Mms2 and the
E3 Rad5 activates a poorly understood error-free pathway of
damage avoidance that may involve a template switch to the
undamaged sister chromatid (Hoege et al., 2002; Zhang and
Lawrence, 2005).
PCNA has long remained the only direct target of Rad18,
despite several studies that have linked this factor to pathways
independent of PCNA modification in both yeast and mammalian
cells, such as DNA double-strand break repair by homologous
recombination (Friedl et al., 2001; Yamashita et al., 2002; Chen
et al., 2005; Szuts et al., 2006). A recent report has now proposed
an intriguing model where a PCNA-like clamp, the 9-1-1 check-
point complex, acts as a second substrate of Rad6-Rad18
(Fu et al., 2008). The heterotrimeric 9-1-1 complex, named after
its components Rad9, Rad1, and Hus1 in fission yeast and mam-
mals, adopts a ring-shaped conformation and binds DNA as
a sliding clamp like PCNA (Majka and Burgers, 2004). A dedi-
cated factor that shares components of the PCNA-specific
RFC complex is responsible for ring opening and loading. How-
ever, instead of conferring processivity upon DNA polymerases,
the 9-1-1 clamp appears to act as a damage sensor required for
activation of the checkpoint kinases ATR (Mec1 in budding
yeast) and Chk1 (Rad53 in budding yeast). Fu et al. (2008) have
reported that Rad17, the Saccharomyces cerevisiae homolog
of the mammalian 9-1-1 subunit Rad1, is monoubiquitylated at
a single lysine, K197, by the Rad6-Rad18 complex in response
to DNA damage, thereby triggering a pathway that regulates the
transcriptional activation of damage-induced genes and contrib-
utes to checkpoint signaling. This scenario is particularly exciting
as it implicates Rad6-Rad18—via modification of PCNA and
Rad17—in an overarching damage control system analogous
to the bacterial RecA-mediated SOS response, which orches-
trates damage-induced transcription, homologous recombina-
tion, and translesion synthesis (Sutton et al., 2000).
Figure 1. DNA-Damage Sensitivities and Checkpoint Signaling Are Unaffected by rad17(K197R)
(A) Sensitivities of wild-type (WT), rad17D, rad17(K183R), and rad17(K197R) were determined against hydroxyurea (HU), methyl methanesulfonate (MMS), and
4-nitroquinoline oxide (NQO). The relevant strains were spotted in 10-fold serial dilutions onto plates containing the indicated concentrations of damaging agents.
Growth was recorded after 3 days.
(B) Sensitivities to ultraviolet (UV) radiation were determined by applying UV gradients to plates containing streaks of cultures of the indicated strains (by exposure
for varying times as noted above the plates) and monitoring growth after 3 days.
(C) Phosphorylation of Rad53 was detected by western blotting with a Rad53-specific antibody in total extracts prepared from exponential cultures of the indi-
cated strains treated with MMS for 1 hr where indicated. Detection of phosphoglycerate kinase (PGK) served as a loading control. Left panel: strain background
DF5, treated with 0.02% MMS; right panel: strain background W303, treated with 0.1% MMS. Numbers below the right panel were obtained by averaging the
signals from two different blots and represent the fraction of phosphorylated Rad53 in each lane.In an effort to understand the RAD6 pathway and its contribu-
tions to genome stability, we have re-examined several of the
observations reported by Fu et al. (2008). Our results pose a
serious challenge to their model, as we find no evidence for
a physiological link between the activity of the Rad6-Rad18
complex, the ubiquitylation of the 9-1-1 clamp, and the activa-
tion of the DNA-damage checkpoint. Instead, it appears that
the modification is a rather nonspecific event that cannot be
attributed to a dedicated set of conjugation factors but can
lead to degradation by the 26S proteasome.
RESULTS
Mutant rad17(K197R) Is Competent
in Checkpoint Signaling
Like Fu et al. (2008), we had noticed that an alignment of the
sequence surrounding the ubiquitin attachment site on PCNA
with the corresponding regions of the 9-1-1 subunits revealed
a lysine in Rad17, K197, at a position analogous to K164 of
PCNA. In order to assess whether the identity of this residue orits possible modification was important for the function of
Rad17 in the DNA-damage response, we independently gener-
ated a rad17(K197R) mutant and examined its sensitivity to
DNA-damaging agents. A second lysine in the vicinity, K183,
was mutated and analyzed in parallel, representing an unrelated
site. Sensitivities were determined against hydroxyurea (HU),
which stalls replication forks by means of nucleotide depletion,
methyl methanesulfonate (MMS), a broad-spectrum alkylating
agent, and 4-nitroquinoline oxide (NQO), which forms bulky
adducts and is often used as a mimic of ultraviolet (UV) radiation.
In contrast to a deletion of the gene, neither of the point muta-
tions conferred a measurable sensitivity to any of these agents
(Figure 1A). In order to rule out the possibility of overlooking
a weak phenotype, we made use of a synergistic effect that is
observable between rad17D and mutants defective in PCNA
ubiquitylation, such as rad18D, rad5D and ubc13D (A.N. and
H.D.U., unpublished data), expecting that an ever so slight
defect in RAD17 function should give rise to a noticeable effect
in any of these backgrounds. However, although the synergism
was clearly detectable with rad17D, neither rad17(K197R) norCell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc. 1081
Figure 2. Ubiquitylation of Rad17 Is Independent of DNA Damage
(A) Exponential cultures of Rad179myc with or without His7-tagged ubiquitin
(HisUb) were treated with 0.02% MMS for 90 min where indicated. Total cell
extracts were prepared under denaturing conditions and subjected to Ni-NTA
affinity chromatography (Ni pull-down). Ubiquitylated species of Rad17 were
detected by western blotting with an anti-myc antibody.
(B) The same experiment as in (A) was performed with Rad176HA.rad17(K183R) increased the sensitivity of rad18D, rad5D, or
ubc13Dmutants toward UV irradiation at all (Figure 1B). Consid-
ering that checkpoint defects generally give rise to at least some
degree of damage sensitivity, these results argued against an
involvement of K197 or a modification at this site in the DNA-
damage response. However, previous reports suggested that
the relevant branch of the checkpoint, mediated via RAD17
and the gene encoding the 9-1-1 loader, RAD24, is redundant
with a pathway controlled by SGS1, resulting in a synergistic
checkpoint defect in rad17D sgs1D or rad24D sgs1D double
mutants (Frei and Gasser, 2000; Fu et al., 2008). We therefore
examined the pattern of Rad53 phosphorylation, a reliable indi-
cator of checkpoint activation (Pellicioli et al., 1999), in rad17D,
rad17(K197R), and rad18D mutants, either alone or in combina-
tion with sgs1D (Figure 1C, left panel). As expected, deletion of
RAD17 caused a moderate reduction in MMS-induced Rad53
phosphorylation; however, neither mutation of K197 of RAD17
nor deletion of RAD18 affected the amount of phosphorylated
Rad53 in either SGS1 or sgs1D. Similar results were obtained
in the strain background that was used in the original study
(Fu et al., 2008) (Figure 1C, right panel). We find these results
difficult to reconcile with a physiological relevance of Rad17
ubiquitylation at K197 in the checkpoint response. However,
given the previously published results (Fu et al., 2008), we wished
to directly examine whether Rad17 was subject to ubiquitylation.
Rad17 IsUbiquitylated inaDamage-IndependentManner
The RAD17 open reading frame in its endogenous locus was
fused to sequences encoding either a 9myc- or a 6HA-epitope
to facilitate detection of the protein. Both alleles conveyed
damage sensitivities comparable to wild-type (WT) RAD17, indi-
cating their functionality (data not shown). In order to exclude any
noncovalent interactions, we transformed the epitope-tagged
strains with an expression construct for His7-tagged ubiquitin
under control of the copper-inducible CUP1 promoter and per-
formed Ni-NTA affinity chromatography under completely dena-
turing conditions to isolate total ubiquitin conjugates. As shown
in Figure 2, modified forms of Rad179myc and Rad176HA were
readily detectable in the eluates. Judging by their size, these
represented mono- as well as polyubiquitylated forms. Surpris-
ingly, we found that addition of 0.02% MMS to the cultures
before the isolation of ubiquitin conjugates had no effect on
the amount of ubiquitylated Rad17, suggesting that the modifi-
cation was independent of DNA damage (Figure 2). Increasing
the MMS concentration to 0.05% did not change the distribution
or abundance of Rad17 ubiquitin conjugates (data not shown).
Ubiquitylation of Rad17 Is Independent of Rad6-Rad18
and Does Not Require K197
Fu et al. (2008) reported that modification of Rad17 was medi-
ated by Rad6-Rad18, as overexpression of RAD6 and RAD18
enhanced the damage-dependent monoubiquitylation of Rad17,
whereas deletion of either gene abolished it. Consistent with
our previous observations (Davies et al., 2008), we found that
overexpression of RAD18 was sufficient to afford constitutive
monoubiquitylation of PCNA and further enhancement of the
modification upon MMS treatment (Figure 3A). However, levels
of ubiquitylated Rad17 remained unaffected under these condi-1082 Cell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc.tions (Figure 3A). Moreover, deletion of either RAD6 or RAD18
did not abolish ubiquitylation of Rad17, and overexpression of
RAD6 had no effect either (Figure 3B). We therefore asked
whether the putative modification site on Rad17, K197, was at
all required for the observed conjugates. Levels of ubiquitylated
Rad17 were unaffected in a rad17(K197R)mutant, indicating that
this residue appears not to be a major ubiquitin acceptor site
(Figure 3B).
The constitutive, Rad6-Rad18-independent nature of the
modification, the irrelevance of K197, and the presence of poly-
ubiquitylated Rad17 stand in contrast to results by Fu et al.
(2008). As overexpression of ubiquitin might result in nonphysio-
logical levels of ubiquitin conjugates, we repeated representative
experiments without inducing the CUP1 promoter, resulting in
a low basal expression of the tagged ubiquitin. These conditions
do not result in appreciable increases in total ubiquitin levels, but
they still allow the isolation of ubiquitin conjugates by means of
affinity chromatography under denaturing conditions (Figure 3C).
Again, we observed mono- and polyubiquitylation of Rad17 in
a K197- and damage-independent manner. In order to exclude
differences in strain background or the identity of the epitope
tag as possible causes for our failure to reproduce the results
Figure 3. Ubiquitylation of Rad17 Is Inde-
pendent of Rad6-Rad18 and Does Not
Require K197
(A) Overexpression of RAD18 enhances ubiquity-
lation of PCNA but has no effect on the modifica-
tion of Rad17. Ni pull-downs under denaturing
conditions were performed as described in Fig-
ure 2A, using strains that harbored a construct
for overexpression of RAD18 where indicated.
(B) Ubiquitylation of Rad17 occurs normally in
rad17(K197R), rad18D, and rad6D mutants and is
not affected by overexpression of RAD6. Ni pull-
downs were performed as in Figure 2A, using the
indicated strains harboring 6HA-tagged RAD17
alleles. Overexpression of RAD6 is indicated by
an arrow. Note that the exposures of the anti-
Rad6 and anti-Rad18 blots in (A) and (B) are too
weak for detection of the endogenous proteins.
(C) Ubiquitylation of Rad17 is detectable without
overexpression of ubiquitin. Ni pull-downs were
performed as above but using cultures grown in
the absence of copper. Overall ubiquitin levels in
the total extracts are shown in the bottom panel.
(D) Ubiquitylation of Rad17 is not influenced by
strain background. Exponential cultures of the
indicated strains in the background SX46A, har-
boring a RAD1713myc allele where indicated, were
subjected to treatment with or without 0.05%
MMS for 90 min, and total cell extracts were
prepared under denaturing conditions.
(E) Ni-NTA pull-downs were performed in the
SX46A background, and ubiquitylated forms of
Rad1713myc and PCNA were detected by western
blotting with the respective antibodies. Strains
used in this experiment carried His7-tagged ubiq-
uitin under control of the CUP1 promoter, but
cultures were grown without addition of copper
to the medium. Detection of total ubiquitin and
PGK in the input material served as control for
ubiquitin expression levels.
(F) Detection of ubiquitylated Rad17 in the context
of endogenous, untagged ubiquitin. Ni pull-down
experiments were performed with extracts from
the indicated strains, and Rad17 and its modified
forms were detected by means of the HA-epitope.
Several clones each of HisRAD176HA and Hisrad17
(K197R)6HA were analyzed. An eluate of a pull-
down from RAD176HA with HisUb served as a size
control.of Fu et al. (2008), we repeated the pull-downs in the same strain
background and with the same 13myc-tagged RAD17 allele that
was used in the original study, again with a very similar outcome
(Figures 3D and 3E). Simultaneous overexpression of RAD6 and
RAD18 did not change the modification pattern either. We also
performed Ni-NTA pull-downs in strains expressing native levels
of untagged ubiquitin and carrying HisRad176HA alleles (Fig-
ure 3F). Although the overall level of modification was low, poly-
ubiquitylated species were observed in addition to the monoubi-
quitylated form of Rad17, and modification was detectable in
rad17(K197R) mutants. Attempts to exactly follow the experi-
mental procedure for detection of ubiquitylated Rad17 by immu-
noprecipitation of ubiquitin conjugates from total cell extracts,
as described by Fu et al. (2008), were unsuccessful, as twodifferent anti-ubiquitin antibodies were unable to efficiently pre-
cipitate any ubiquitylated species (data not shown). In summary,
our results suggest that Rad17 is indeed ubiquitylated, but that
this process is independent of DNA damage or the Rad6-
Rad18 complex and does not primarily occur at the ‘‘PCNA-
like’’ site, K197.
All Subunits of the 9-1-1 Clamp Are Ubiquitylated
without a Requirement for Loading
As Rad6-Rad18 was apparently not involved in the ubiquitylation
event observed by us, we examined the modification pattern in
mutants of all other E2-encoding genes. None of the E2 mutants
abolished Rad17 ubiquitylation (Figure 4), raising the question as
to how specific the modification really was. We therefore askedCell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc. 1083
Figure 4. Ubiquitylation of Rad17 in E2 Mutants
(A) Ubiquitylation of Rad176HA in the indicated strains transformed with
a plasmid for expression of HisUb was assessed by Ni pull-down experiments
under our standard conditions.
(B) Ubiquitylation of Rad179myc in ubc4D and WT cells was assessed as above,
except that HisUb expression was induced 3 hr prior to the experiment and
ubiquitin conjugates were detected by anti-myc western blots.
Figure 5. All Three Subunits of the 9-1-1 Complex Are Ubiquitylated,
but Rad17 Modification Does Not Depend on Its Loading onto DNA
(A) Ubiquitylation of Ddc16HA is detected by Ni-NTA affinity chromatography
and anti-HA western blotting as described in Figure 2A. The asterisk indicates
a nonspecific band in the total extracts.
(B) Ubiquitylation of Mec16HA and Rad176HA, detected as above.
(C) Ubiquitylated forms of Rad17, detected as above, are not affected by dele-
tion of RAD24, encoding the 9-1-1-specific clamp loader.whether the other two subunits of the 9-1-1 clamp, Ddc1 and
Mec3, were also modified. Indeed, denaturing Ni-NTA pull-
down assays with 6HA-tagged versions of the two proteins
revealed significant ubiquitylation of Ddc1 (Figure 5A) and low,
but measurable levels of conjugates on Mec3 (Figure 5B).
However, ubiquitylation of Rad17 was unchanged in a rad24D
mutant lacking the largest subunit of the 9-1-1-specific clamp
loader (Figure 5C). This indicates that ubiquitylation of Rad17—
and presumably the other 9-1-1 subunits—does not require the
clamp to reside on DNA, again contradicting results reported by
Fu et al. (2008). Taken together, our results strongly argue
against a model where Rad6-Rad18-mediated ubiquitylation
of chromatin-associated Rad17 upon DNA damage induces
an SOS-like damage response that contributes to checkpoint
signaling.
Ubiquitylation of Rad17 Can Induce
Its Proteasomal Degradation
Considering that we had observed polyubiquitylation of Rad17 in
addition to monoubiquitylation, we asked whether the modifica-
tion was capable of inducing proteasomal degradation of the
9-1-1 subunit. In this case, addition of the proteasome inhibitor
MG132 should cause an accumulation of ubiquitin conjugates
and possibly a stabilization of the full-length protein. In a
pdr5D background, which allows uptake of the proteasome
inhibitor into yeast cells, we indeed observed elevated levels
of total as well as Rad17-specific ubiquitin conjugates after
MG132 treatment, and overall levels of the HA-tagged Rad17
protein were also increased (Figure 6A). These results suggested
that Rad17 is subject to proteasomal degradation. However, as
the HA-epitope has in some cases been shown to destabilize1084 Cell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc.a protein (Schauber et al., 1998), we compared the half-life of
Rad176HA with that of Rad179myc. Cycloheximide chase experi-
ments showed that the HA-tagged protein is degraded in a pro-
teasome-dependent manner, whereas the myc-tagged version
is stable over the course of the assay (Figure 6B). Hence,
although both proteins are ubiquitylated (Figure 2), the modifica-
tion apparently does not automatically induce degradation. In
light of the differences between Rad176HA and Rad179myc, we
consider it unlikely that native, untagged Rad17 is degraded to
a significant extent in vivo.DISCUSSION
Damage-induced ubiquitylation of PCNA by Rad6-Rad18 is
known to be a highly specific reaction that targets a single
conserved lysine and requires the sliding clamp to encircle
DNA (Hoege et al., 2002; Garg and Burgers, 2005). In vivo, the
modification is triggered by the accumulation of single-stranded
(ss)DNA at stalled replication forks or possibly postreplicative
Figure 6. Effect of Proteasome Inhibition on the Modification and
Stability of Rad17
(A) Proteasome inhibition by treatment with 10 mM MG132 for 50 min causes an
accumulation of ubiquitylated Rad176HA in pdr5D cells. Total ubiquitin conju-
gates and overall Rad17 levels were detected in denaturing extracts by
western blotting with antibodies against ubiquitin and the HA-epitope, respec-
tively, and Rad17-specific ubiquitin conjugates were detected in Ni pull-downs
as described in Figure 2A. Detection of PGK in total cell extracts served as
a loading control.
(B) Cycloheximide chase experiments were performed with RAD176HA and
RAD179myc strains carrying a deletion of PDR5 by treatment of exponential
cultures in the presence or absence of 10 mM MG132 with 100 mg/ml cyclohex-
imide and taking samples of equal volume at the indicated time points for total
extract preparation and western blotting.gaps coated by the ssDNA-binding replication protein A (RPA)
complex (Davies et al., 2008; Niimi et al., 2008). Physical interac-
tions between RPA and Rad18 provide the basis for a recruitment
of the ubiquitin conjugation factors to their sites of action, thus
conferring selectivity and damage dependence to the reaction
(Davies et al., 2008; Huttner and Ulrich, 2008). RPA-coated
ssDNA also serves as a signal for the activation of the replication
checkpoint, and interaction with the 9-1-1-specific clamp loader
contributes to the recruitment of the checkpoint clamp (Zou
et al., 2003). It is therefore appealing to speculate that in this
setting Rad6-Rad18 may act not only on PCNA but also on the
PCNA-like 9-1-1 complex, in particular as a suitable lysine in
the Rad17 sequence presents itself as a putative modification
site (Fu et al., 2008). However, none of our observations supportsthis attractive hypothesis. Like Fu et al. (2008) we found that
Rad17 is indeed ubiquitylated, but in contrast to the previous
study we were unable to demonstrate a dependence on DNA
damage, the Rad6-Rad18 complex, K197, or clamp loading.
Consistent with these negative data is the notion that a
rad17(K197R) mutant is fully active in checkpoint signaling. We
therefore consider it unlikely that Rad6-Rad18 controls the
eukaryotic equivalent of the bacterial SOS response by modifi-
cation of Rad17 in addition to PCNA.
There are several possible causes for the discrepancies
between our results and those of Fu et al. (2008). Our inability
to detect a synergism between rad17D and sgs1D in our check-
point activation assay stands in some contrast to previously pub-
lished observations (Frei and Gasser, 2000); however, those
were based on HU treatment as opposed to MMS and required
a time course analysis in order to reveal a measurable effect,
which makes the data difficult to compare. Of greater concern
is our failure to reproduce the characteristics of Rad17 ubiquity-
lation reported by Fu et al. (2008). For most of our experiments,
we have used Ni-NTA affinity chromatography rather than anti-
ubiquitin immunoprecipitations in order to verify and charac-
terize the modification of Rad17. This allows the use of com-
pletely denaturing conditions, such as 6 M guanidine HCl, which
excludes noncovalent interactions and possibly reduces spu-
rious background signals. In contrast, anti-ubiquitin antibodies
proved unsuitable for immunoprecipitation of ubiquitylated
proteins from cellular extracts. As control blots against ubiquitin
were not shown in the original study by Fu et al. (2008), we
cannot judge how efficient and/or specific the isolation of ubiq-
uitin conjugates was in their case. An increased sensitivity of
detection due to the inhibition of deconjugation under denaturing
conditions may explain our observation of Rad17 polyubiquityla-
tion, which was not detected in the previous study (Fu et al.,
2008). Although overexpression of ubiquitin may give rise to non-
physiologically high conjugate levels, our experiments using
native ubiquitin levels have confirmed the constitutive, K197-
independent modification. On the other hand, the abundance
of ubiquitylated Rad17 is rather low, and the notion that no sin-
gle E2 enzyme appears to be responsible for the modification
points to a nonspecific background reaction rather than a regu-
lated event. Given a suitable destabilizing feature such as the
HA-epitope, the modification can trigger proteasomal degrada-
tion in vivo. It is therefore possible that the low levels of ubiquitin
conjugates of myc-tagged Rad17 may also represent a pool of
misfolded or otherwise damaged proteins. Accordingly, we
found the modification to be independent of clamp loading and
to affect all three subunits of the 9-1-1 complex.
Notwithstanding any of the experimental results, a closer look
at the putative modification site on Rad17 may be helpful in
judging the relevance of a ubiquitylation event at this lysine.
Whereas K164 of PCNA is absolutely conserved among all of
its known eukaryotic homologs, the corresponding residue at
position 197 of budding yeast Rad17 actually exhibits significant
variability, despite a high degree of conservation of the sur-
rounding sequence (Figure 7A). Moreover, comparison of the
structural models of both clamps (Krishna et al., 1994; Dore
et al., 2009) reveals a significant disparity in the spatial arrange-
ment of the two positions (Figure 7B). In light of this notion,Cell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc. 1085
Figure 7. The Putative Modification Site on Rad17 Is
Unconserved and Structurally Distinct from the Ubiq-
uitin Acceptor Site on PCNA
(A) Partial sequence alignment of Rad17 homologs from
various species with budding yeast PCNA. The sequences
surrounding K164 of PCNA were aligned with those sur-
rounding K197 of budding yeast Rad17 as in Fu et al. (2008),
highlighting similarities by means of boxes. Homologs of
Rad17 from other fungi and human, identified through a BLAST
search, were added to the alignment, and regions of similarity
or identity are indicated by shading in gray. The site of ubiqui-
tin attachment in PCNA and the corresponding residues in
the Rad17 homologs are indicated in bold. The term h.p.
signifies a hypothetical protein based on genomic sequence
information.
(B) Structural models of S. cerevisiae PCNA (Krishna et al.,
1994) and the human 9-1-1 clamp (Dore et al., 2009). The three
subunits are rendered in different shades of gray for clarity.
K164 on PCNA and the residue corresponding to K197 of
budding yeast Rad17 (F193 on human Rad1) are highlighted
in black.a RecA-like SOS function of the Rad6-Rad18 complex is unlikely




Most experiments were carried out in the DF5 strain background (Finley et al.,
1987). Mutants rad6D, rad18D, rad5D, and ubc13D have been described
(Ulrich and Jentsch, 2000). RAD17 was deleted by replacement of the open
reading frame with the URA3 marker or replaced by mutant alleles in the
endogenous locus. Deletions of SGS1 and PDR5 were constructed by
replacement with KanMX, and RAD24 was replaced by HISMX. All 9-1-1
subunits were marked by 6HA- or 9myc-epitopes in the endogenous locus
by transformation with a PCR cassette incorporating the klTRP1 marker as
described (Knop et al., 1999). Episomal plasmids bearing LEU2 or URA3
(YEplac182 or YEplac195, respectively) were used for expression of His7-
tagged ubiquitin under control of the CUP1 promoter. The empty plasmids
served as controls. RAD18 and RAD6 were overexpressed from the ADH1
promoter on derivatives of YEplac195 and/or YEplac181. In order to create
the strains HisRAD176HA, Hisrad17(K197R)6HA, and HisRAD17, rad17D cells
were transformed with integrative plasmids (YIplac128) bearing the LEU2
marker and a copy of the WT or mutated RAD17 open reading frame fused
to an N-terminal His6-epitope under control of its own promoter. Where
required, the HA-epitope was appended after transformation by means of
a PCR cassette as described (Knop et al., 1999). For analysis of Rad17 ubiq-
uitylation in E2 mutants, deletions of UBC1, UBC5, UBC6, UBC7, UBC11,
UBC13 (replacement with HIS3), UBC8 (replacement by URA3), and UBC10
(replacement by LEU2) and a temperature-sensitive cdc34-1 mutant (Goebl
et al., 1988) were used in combination with HisUb and Rad179myc (ubc4D) or
Rad176HA (all others). The cdc34-1 mutant was grown at 25C, all others at
30C. For detection of ubiquitylated Rad17, we also used SX46A RAD1713myc,
obtained from Wolfram Siede (Zhang et al., 2001), the same strain that was
used in the original study by Fu et al. (2008). Susan Gasser provided an
sgs1D::TRP1 allele in the W303 background (Cobb et al., 2003). RAD17 and
RAD18 were deleted by replacement with URA3 and TRP1 markers, respec-
tively, and mutant combinations were obtained by mating. In this background,
the (untagged) rad17(K197R) allele under control of the RAD17 promoter
was introduced into rad17D cells on an integrative plasmid (YIplac128) in the
LEU2 locus.1086 Cell 141, 1080–1087, June 11, 2010 ª2010 Elsevier Inc.DNA-Damage Sensitivity Assays
Sensitivities to HU, MMS, and NQO were determined by spot assays on plates
containing the indicated concentrations of damaging agents as described
previously (Stelter and Ulrich, 2003). Relative UV sensitivities were determined
by streaking exponential cultures at equal densities onto agar plates and
exposing these to a gradient of UV irradiation by gradually uncovering the
plates over a set period of time (Ulrich, 2001). Growth was recorded after incu-
bation for 3 days in the dark.
Detection of Checkpoint Activation via Rad53 Phosphorylation
After incubation of exponential cultures of the relevant strains in the presence
or absence of MMS for 1 hr, phosphorylated Rad53 was detected in total
denaturing cell extracts by western blotting with Rad53-specific antibodies
as described (Davies et al., 2008). The signals on two different blots were
quantified using a LAS-3000 digital imager (Fuji). Phosphoglycerate kinase
(PGK) was detected by a monoclonal antibody (Invitrogen) as a loading
control.
Analysis of Ubiquitin Conjugates
Total ubiquitin conjugates were isolated from strains carrying an overexpres-
sion construct for His7-tagged ubiquitin as described (Stelter and Ulrich,
2003; Davies et al., 2008). Briefly, expression of HisUb was induced by over-
night growth in 100 mM CuSO4 unless noted otherwise, and treatment with
DNA-damaging agents or proteasome inhibitor was performed as indicated
in the respective experiments. Total cell extracts were prepared under
completely denaturing conditions and subjected to Ni-NTA chromatography
in 6 M guanidine HCl, followed by washes with a buffer containing 8 M urea.
Samples representing the input material were prepared in a buffer containing
8 M urea. Ni-NTA affinity purifications from strains bearing His-tagged RAD17
alleles and endogenous ubiquitin levels were performed analogously. Samples
were analyzed by SDS-polyacrylamide gel electrophoresis and western blot-
ting using monoclonal antibodies against the 9myc- (9E10) or 6HA-epitope
(12CA5) or a polyclonal serum against yeast PCNA. Rad18 and Rad6 were
detected in the total extracts by western blotting with polyclonal antibodies
against the proteins. Total ubiquitin conjugates were detected with the mono-
clonal antibody P4D1 (Cell Signaling Technologies).
Cycloheximide Chase Experiments
Exponential cultures of the relevant strains were incubated in the presence or
absence of 10 mM MG132. At the same time, 100 mg/ml cycloheximide was
added, and samples of equal volume were removed and frozen at specific time
points over a 4.5 hr period. All samples were then thawed and processed for
western blot analysis in parallel.
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